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ABSTRACT 


The  control  of  flow  over  a  multi-component  wing  at  large  incidence  has  been  investi¬ 
gated.  At  large  incidence  angles  flow  over  the  wing  upper  surface  becomes  fully  separated. 
The  wing  geometry  was  considered  critical  in  management  of  flow  energy  through  organiza¬ 
tion  of  vorticity  and  controlling  its  shedding  on  the  wing  upper  surface.  A  flat  plate  wing, 
with  the  planform  of  a  F— 15  wing,  was  reconfigured  to  accommodate  the  locked  vortex. 
Spanwise  blowing  was  used  to  initiate  and/or  to  increase  the  strength  of  the  vortical  flow. 
It  was  anticipated  that  in  this  manner  an  excited,  stable,  concentrated  and  strong  vortex 
would  be  created  on  the  wing.  Using  flow  visualization  as  well  as  force  measurements  it 
was  found  that  the  presence  of  the  locked  vortex  favorably  changed  the  flow  pattern  over 
the  wing.  Force  measurements  indicated  moderate  improvements  on  most  configurations. 
One  configuration,  however,  demonstrated  significant  improvements.  The  improved  results 
are  considered  preliminary;  however,  they  may  be  of  tremendous  potential.  A  listing  of 
the  complete  data  is  included  as  Appendix  B. 
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I.  INTRODUCTION  AND  BACKGROUND 


FUTURE  COMBAT  AIRCRAFTS  do  need  the  capability  of  maneuvering  at  high 
incidence  with  controllability  to  bring  the  craft  into  a  position  of  advantage.  “TAe  most 
difficult  design  problems  prevail  in  the  30°—50°  angle  of  attack  regime.  Beyond  50  degrees 
flight  and  control  conditions  are  primarily  ruled  by  thrust  rather  than  aerodynamic  support 
or  disturbances”  (1).* 

Production  of  lift  at  large  angles  of  30°-50°  is  a  very  challenging  problem  by  itself. 
This  very  problem  is  the  basis  for  this  paper.  The  capability  to  perform  maneuvers  at 
moderate  speeds  but  at  high  incidence  angles  is  a  major  step  which  requires  further  in 
depth  attention. 

Natural  phenomena  associated  with  high  angle  of  attack  flights  are  flow  separation 
and  the  unsteadiness  associated  with  it.  In  the  classical  aerodynamics,  precisely  these  very 
two  flow  features  have  been  considered  to  be  degrading  factors.  Flow  separation  and  un¬ 
steadiness  are  avoided  constantly  by  traditional  aerodynamicists  and  aircraft  designers  by 
limiting  streamlined  profiles  at  low  angles  of  attack.  As  the  necessity  for  flight  at  higher  an¬ 
gles  of  attack  becomes  evident,  utilizing  various  means  to  suppress  such  flow  degradations 
still  dominate  this  traditional  way  of  thinking.  As  a  consequence,  with  heuristic  efforts 
one  has  paid  dearly  with  diminishing  return.  Controlled  flight  at  high  speeds  and  at  high 
incidence  angles  is  not  readily  possible.  At  high  angles,  the  effectiveness  of  aerodynamic 
surfaces  are  significantly  reduced  due  to  flow  separation. 

Since  flow  separation  and  the  associated  unsteadiness  are  dominating  flow  features  at 
high  angles  of  attack,  then  if  possible,  it  could  be  more  fruitful  to  turn  these  phenomena 
to  our  advantage  than  to  suppress  them.  Ideally  one  would  like  to  organize  the  flow 
separation  and  unsteadiness  in  a  controlled  manner  such  that  they  could  actually  serve 
to  our  advantage.  This  requires  innovative  thinking  in  readdressing  wings  to  produce 
controllable  aerodynamic  forces  at  very  high  angles  of  attack.  In  order  to  achieve  this 
goal,  a  drastic  departure  from  basic  conventional  thinking  becomes  essential.  One  must 
search  for  viscous  flow  dominated  new  configurations!  Unsteady  viscous  effects  in  flows 

*  Numbers  in  parentheses  designate  references  at  end  of  paper. 
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inherently  lead  us  to  realize  that  the  governing  physical  phenomena  must  be  approached 
thoroughly. 

We  have  seen  a  dawn-light  in  the  horizon,  for  instance,  the  Kasper  flap  concept  (2) 
in  the  1970’s  and  widely  used  strakes  and  canards  for  modern  fighters  to  achieve  better 
performance  at  moderate  angles  of  attack.  We  have  come  to  realize  that  by  proper  uti¬ 
lization  of  vortex  flow,  a  well-controlled  and  managed  separated,  flow,  can  produce  higher 
lift  amplitude  than  the  conventional  attached  flow!  The  question  is  then  finding  means  to 
control  and  to  manage  the  leeside  flow  at  high  angles  of  attack. 

It  is  essential  to  note  that  with  no  (or  small)  extra  power  input,  the  only  possible 
means  of  improving  the  performance  of  an  airfoil/ wing  at  large  incidence  angles  beyond 
stall  is  to  reduce  the  random  energy  contained  in  the  wake.  If  there  is  any  possibility  in 
accomplishing  this,  it  is  through  passive  or  active  enhancement  and  organized  interactions 
using  the  flow  energy  properly. 

Considering  uniform  approaching  flow  over  a  flat-plate  (airfoil)  at  large  incidence 
angle,  see  Figure  1,  at  the  downstream,  flow  is  fully  separated,  with  vortices  shedding  from 
the  leading  and  trailing  edges.  Flow  speed  (Reynolds  number)  dominates  the  frequency  of 
shedding  which  in  turn  dictates  the  energy  contained  in  each  of  the  shed  vortices.  These 
vortices  are  wasting  useful  energy  by  the  fact  that  they  are  carrying  energy  “randomly” 
away  to  the  far  field.  If  by  any  means  one  could  contain  these  vortices  in  the  neighborhood 
of  the  body,  the  energy  of  such  vortices  would  become  useful,  if  they  could  be  directed  and 
organized  into  specifically  prescribed  paths.  For  example,  one  could  devise  a  technique  to 
recombine  the  vortices  up  to  a  desired  strength  without  allowing  them  to  float  away  and 
to  maintain  that  strength  on  the  upper  surface  by  feeding  it  with  the  new  vorticity  which 
is  continuously  being  formed  on  the  body.  In  other  words,  to  create  and  excite  a  large 
coherent  vortex  and  maintain  the  excited  state  using  the  energy  of  the  flow  itself,  is  the 
essence  of  our  approach. 

To  shed  some  light  into  the  flow  physics,  a  brief  review  of  a  few  related  classic  papers 
is  given  below.  Hurley  (3)  successfully  demonstrated  the  possibility  of  creating  a  locked 
vortex  on  an  airfoil.  He  had  anticipated  to  make  the  separated  flow,  from  the  leading 
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edge,  to  reattach  and  stay  attached  to  the  upper  surface  of  a  forward  facing  flap.  He  used 
streamwise  blowing  from  the  forward  flap  to  stabilize  the  reattachment  point.  He  labeled 
his  work  free  streamline  airfoil  flow,  which  in  effect  represents  a  locked  vortex  on  the  upper 
surface. 

Westesson  and  Clareus  (4)  used  strong  spanwise  blowing  to  create  and  stabilize  vortical 
flow  on  the  upper  surface  of  a  specially  designed  wing  with  leading  and  trailing  edge  flaps. 
They  also  showed  that  by  sweeping  the  wing  leading  edge  the  blowing  rate  required  was 
significantly  reduced. 

Erickson  and  Campbell  (5)  carried  out  many  similar  tests  and  with  the  aid  of  visual¬ 
ization  identified  the  presence  of  a  pair  of  co-rotating  vortices  on  the  upper  surface  of  a  45° 
swept  wing.  They  also  made  quantitative  measurements  indicating  high  lift  coefficients  as 
a  result  of  upper  surface  locked  vortices.  Rossow  (6)  and  Werle  and  Gallon  (7)  have  also 
performed  related  experiments  and  obtained  similar  results. 

Limited  theoretical  models  have  also  been  presented,  by  a  few  authors,  which  attack 
the  locked  vortex  on  the  upper  surface  of  certain  geometrically  accommodating  wings  in  two 
dimensional,  steady  and  inviscid  manner.  Hurley  (3),  Rossow  (6),  Saffman  and  Sheffield 
(8),  and  Tanveer  (9)  belong  to  the  above  theoretical  works.  The  works  by  Saffman  have 
special  significance,  since  they  conclude  the  importance  of  geometry  in  a  unique  manner  to 
create  an  equilibrium  vortex  position.  These  types  of  vortices  are  inherently  three  dimen¬ 
sional  and  therefore  without  this  consideration  the  models  could  not  be  realistic.  Three 
dimensional  wing  geometries  do  naturally  produce  spanwise  flow,  therefore,  once  a  vortex 
is  established  on  such  wings  it  could  be  made  stable  and  strong  with  little  excitations. 

Vakili  (10)  experimentally  demonstrated  a  locked  vortex  using  periodic  suction.  In 
a  preliminary  and  simplified  experiment,  periodic  suction  from  the  wing  tip  region  of  a 
45°  swept  wing  in  a  uniform  flow  in  the  water  tunnel  resulted  in  the  elimination  of  total 
flow  separation  on  the  wing  which  persisted  when  no  suction  was  present.  This  wing  had 
a  trapezoidal  planform  composed  of  three  segments  and  configured  uniquely,  see  Figure 
2.  The  suction  at  the  wing  tip  region  resulted  in  the  creation  of  a  vortex  on  the  upper 
surface  of  the  wing  which  remained  there  for  a  certain  period  of  time  even  once  the  suction 
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was  stopped.  And  then,  before  the  flow  started  to  return  to  full  separation  the  suction 
was  activated  and  the  vortex  was  further  maintained  over  the  wing  in  this  manner.  This 
experiment  was  video  taped  and  is  therefore  documented  in  visual  form  as  a  preliminary 
demonstration  technique  to  use  the  axial  excitation  for  the  flow  control  and  vortex  control 
of  separated  flows  around  three  dimensional  wings  at  high  incidence  angles. 

This  work  had  an  extra  significance  in  that  it  exploits  and  demonstrates  the  basic  un¬ 
steady  coupling  mechanisms  and  the  significance  of  geometry  which  are  inherently  required 
in  developing  such  vortex  flows.  The  coupling  of  unsteady  perturbations  and  excitations 
with  vortex  flows  have  been  demonstrated  through  the  governing  equations  of  flow  theo¬ 
retically  and  also  experimentally  by  many  authors  (11-13). 
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II.  TECHNICAL  DISCUSSIONS 


Aerodynamic  forces  are  the  result  of  vorticity  and  vortices  which  are  generated  by 
solid  surfaces.  In  steady  attached  flows,  lift  and  drag  are  attributed  to  the  boundary  layer 
vorticity  and  the  Prandtl’s  “bound  vortex”.  For  highly  swept  leading  edge  slender  wing, 
additional  lift  is  realized  as  a  result  of  a  detached  vortex  generated  by  the  leading  edge. 
One  may  decompose  the  aerodynamic  forces  to  be  the  result  of  attached  flows  (bound 
vortex)  and  detached  flow  (leading  edge  type  vortex). 

At  large  incidence  angles  we  must  realize  that  due  to  the  lack  of  flow  attachment  one 
of  the  contributing  components  has  diminished.  The  detached  vortex  force  components 
may  also  deteriorate  should  the  vortex  either  burst  or  if  its  path  lies  far  away  from  the 
surface.  There  are  two  possibilities  in  order  to  overcome  these  difficulties.  First,  the 
obvious  approach,  is  by  trying  to  suppress  the  flow  separation.  Even  though  this  may  be 
difficult  or  impossible  to  accomplish,  as  will  become  clear  later,  it  may  not  be  the  optimal 
approach.  Second,  approach  is  to  enhance  the  detached  vortex  lift  component.  Therefore, 
the  problem  can  be  apparently  viewed  as  a  means  to  strengthen  the  leading  edge  vortex, 
position  it  over  the  wing,  “locked  vortex”,  and  prevent  its  burst. 

For  a  free  vortex  in  steady  axisymmetric  incompressible  flow,  using  cylindrical  coor¬ 
dinates  x,r,<f>  with  velocity  components  u,v  and  w  respectively,  if  the  axial  gradients  are 
small  compared  with  radial  gradients  and  v  <<  it,  then  it  can  be  shown  that  =  — 

(14).  That  is:  for  an  incompressible  steady  vortex,  the  axial  velocity  component  u  is 
coupled  with  the  azimuthal  component  w  solely  through  the  axial  variation  of  centrifugal 
force.  Batchelor  identified  this  effect  as  the  key  to  the  understanding  of  either  the  inviscid 
generation  of  strong  axial  motion  or  their  subsequent  modification  (indirectly)  by  viscos¬ 
ity.  The  decay  of  the  swirling  motion  is  to  increase  the  pressure  in  the  vortex  core  and 
consequently  to  decrease  the  axial  velocity  there. 

In  an  unsteady  manner  similar  relationship  is  expected  to  exist,  that  is:  we  can  extend 
the  above  idea  to  quasi-unsteady  flows.  The  utility  of  this  concept  in  terms  of  excitation 
of  a  vortex  using  periodicity  in  the  axial  direction  over  a  wing  was  discussed  earlier. 

The  purpose  of  this  study  was  to  demonstrate  that  by  proper  design  of  geometry,  a 
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strong  and  naturally  excited  locked  vortex  may  be  created,  resulting  in  large  lift  on  the 
reconfigured  wings. 
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III.  EXPERIMENTAL  PROCEDURE 


WIND  TUNNEL  -  All  of  the  wind  tunnel  experiments  were  performed  in  The  Univer¬ 
sity  of  Tennessee  Space  Institute  (UTSI)  low  speed  wind  tunnel.  This  facility  is  an  open 
circuit,  closed  test  section,  continuous  wind  tunnel.  The  test  section  measures  35.6cm  x 
50.1cm  x  107cm  (14  inches  x  20  inches  x  42  inches)  height,  width,  and  length  respectively. 
Tunnel  velocities  range  from  6.1  to  60.5m/sec  (20  to  200ft/sec).  Data  acquisition  is  man¬ 
aged  by  a  minicomputer  specially  designed  for  this  purpose.  Almost  all  of  the  tests  were 
performed  at  one  selected  tunnel  speed  lOOft/sec  and  Reynolds  number  of  0.6  x  106 /length. 
Forces  and  moments  measurement  were  made  using  a  six  component  sting-balance. 

WATER  TUNNEL  -  The  UTSI  water  tunnel  is  a  closed  circuit  continuous  flow  fa¬ 
cility  especially  designed  for  quality  flow  visualization.  The  circuit  of  the  tunnel  lies  in  a 
horizontal  plane.  The  tunnel  is  powered  by  an  electric  motor  connected  via  a  continuously 
variable  transmission  to  a  twin-bladed  propeller  in  the  return  leg  of  the  tunnel  circuit. 
The  transmission  permits  continuous  variation  in  propeller  rotational  speed  and  continu¬ 
ous  velocity  variation  from  2.5cm/sec  to  50cm/sec  (lin/sec  to  20in/sec).  The  turbulence 
level  in  the  test  section  is  lower  than  0.1%.  The  test  section  is  30.5cm  high  45.7cm  wide 
and  150cm  long  (12  inches  x  18  inches  x  60  inches).  All  walls  of  the  test  section  are  made 
of  Plexiglas  for  versatility  in  observing  and  photographing  the  flowfield. 

MODEL  -  The  innovative  and  exploratory  nature  of  this  study  prerequisited  a  signif¬ 
icant  level  of  flexibility  in  the  model  geometry.  In  order  to  maintain  geometrical  simplicity 
and  to  accommodate  necessary  three  dimensional  features,  a  flat-plate  wing  model  was  se¬ 
lected  with  the  planform  of  the  F-15  wing.  This  model  was  composed  of  modular  sections 
as  shown  in  Figure  3. 

The  model  is  made  of  three  principal  components  with  the  flexibility  of  changing  the 
individuals  components  dimensions  while  preserving  the  same  overall  planform.  The  spac¬ 
ing  between  these  three  components  were  adjustable.  The  model  was  made  of  aluminum 
with  the  supports  and  adjustments  made  from  steel.  The  model  was  supported  by  a  sting 
mounted  balance  through  the  side  of  the  tunnel.  The  sting  was  mounted  to  a  machinist 
turntable  with  the  capacity  of  continuous  incident  angles  setting  of  0°  to  360°.  A  splitter 
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plate  separated  the  root  portion  of  the  model  from  tunnel  wall  boundary  layer  and  ensured 
a  uniform  flow  over  the  entire  model.  In  order  to  support  the  leading  edge  slat  and  the 
trailing  edge  flap  as  well  as  to  allow  relative  settings,  the  mounting  system  shown  in  Figure 
4  was  designed  and  manufactured.  This  arrangement  allowed  the  use  of  a  single  balance 
to  measure  the  forces  on  all  the  three  components. 

Many  configurations,  Figure  5,  were  tested.  Variations  of  the  relative  incidence  and 
gap  of  the  leading  edge  slat  were  accomplished  with  selected  changes  in  the  jet  location. 
Table  I,  shows  the  parameters  for  each  configuration  tested. 

Originally,  it  was  anticipated  that  periodic  translation  and/or  rotational  motions 
should  be  imparted  to  the  leading  edge  slat  and  the  trailing  edge  flap.  However,  due 
to  experimental  difficulties  there  were  no  measurements  made  with  such  motions  incorpo¬ 
rated.  A  spanwise  jet  was  incorporated  to  help  stabilize  the  upper  surface  vortex. 
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IV.  RESULTS  AND  DISCUSSIONS 


As  a  first  step  to  incorporate  the  concept  into  wings  and  flight,  we  needed  to  gain 
more  physical  insight  by  attempting  to  investigate  a  basic  problem  which  is  expected  to  be 
less  complex  with  fewer  degrees  of  freedom.  Three  dimensional  flow  over  a  modular  swept 
flat-plate  wing  at  large  incidence  angle  incorporating  (periodic)  spanwise  blowing  satisfied 
most  of  the  requirements. 

The  experimental  efforts  were  divided  into  two  steps.  First  flow  visualization  was  used 
to  select  a  basic  configuration  based  on  the  best  observed  flow  pattern.  Second,  the  selected 
configuration  was  tested  in  the  wind  tunnel.  Observations  in  the  water  tunnel  were  very 
educational,  since  effects  of  any  changes  on  the  model  was  readily  visible  with  minimum 
delay.  Even  though  Reynolds  number  and  Mach  number  effects  were  not  simulated,  the 
correspondence  between  the  wind  tunnel  flowfield  and  that  of  water  tunnel  has  been  shown 
to  be  qualitatively  good. 

The  models  tested  in  the  water  tunnel  were  made  of  plexiglas  and  therefore  could  be 
easily  reconfigured.  The  starting  model  was  a  flat-plate,  following  the  earlier  configuration 
by  Vakili  (10),  with  the  exception  of  having  a  F-15  wing  planform.  Many  different  config¬ 
urations  were  tested,  and  for  each  case  the  location  where  jet  was  issued  from  was  varied. 
The  leading  edge  slat  had  to  be  curved,  so  that  at  moderate  angles  flow  did  not  separate 
on  it.  It  became  apparent  through  flow  visualization  that  the  corner  near  the  wing  and 
the  upward  deflected  flap  resulted  in  the  best  effects  of  trapping  a  vortex. 

At  a  ~  45°  incidence  angle  while  the  flow  was  separated  over  most  of  the  wing  the 
leading  edge  vortex  was  visible,  even  though  in  a  weak  form,  but  bursted  in  a  short  distance 
downstream.  With  continuous  blowing  (jet  diameter  dj  =  0.125  inches),  the  leading  edge 
vortex  was  strengthened  and  at  the  mid  wing  it  was  reoriented  in  the  spanwise  direction, 
merged  with  the  jet  trapped  vortex  and  exited  from  the  wing  tip  region  into  the  mainstream 
flow.  As  a  result  of  blowing,  flow  on  the  reconfigured  wing  appeared  to  be  induced  by  the 
jet  vortex  and  followed  the  wing  in  an  organized  and  orderly  manner.  Increase  in  jet 
blowing  coefficient,  C^,  resulted  in  improved  flowfield. 

Typical  flow  visualization  for  the  best  configuration  are  depicted  in  photographs  in 
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Figure  6.  The  schematic  drawing  in  Figure  7  demonstrates  the  streamlines  of  two  dye 
traces  (shown  in  Figure  6)  and  the  path  they  follow  over  the  airfoil.  Flow  visualization 
using  smoke  was  also  attempted  in  the  wind  tunnel,  however,  with  poor  quality.  Flow 
qualitatively  appeared  to  be  similar  to  that  of  the  water  tunnel  tests. 

Intermittent  blowing  at  proper  frequencies  resulted  in  nearly  the  same  flow  pattern. 
The  strong  vortex,  created  by  the  jet,  remained  on  the  wing  for  a  while,  once  the  jet  was 
turned  off.  Which  indicated  that  there  was  a  certain  inertia  associated  with  the  vortex, 
very  similar  to  the  previous  observations  by  us.  If  the  blowing  frequency  was  right,  then 
the  jet  reinforced  the  vortex  in  time,  and  the  flow  pattern  could  be  maintained  without 
much  distortion  which  resembled  that  of  attached  flow  created  by  continuous  blowing. 
The  time  period  associated  with  the  vortex  inertia,  identified  a  frequency  which  must  be 
associated  with  the  dynamics  and  stability  of  the  vortex  flow  over  the  wing. 

A  jet  with  smaller  diameter  ( dj  =  0.0625  inches)  was  used  at  the  same  locations  of  the 
earlier  jet,  to  evaluate  the  effects  of  momentum  coefficient  and  mass  flow  on  the  strength  of 
circulation  created  by  the  jet  over  the  upper  surface  of  the  reconfigured  wing.  It  appeared 
that  the  smaller  diameter  jet  was  more  effective  at  the  same  mass  flow  rate.  However,  this 
corresponded  to  a  higher  jet  blowing  momentum  coefficient  C^,  and  was  in  agreement  with 
CM  effect.  Where  and 

rrij  is  the  jet  mass  flow  per  second 
Vj  is  the  jet  exit  velocity 

q  is  the  freestream  dynamic  pressure 

s  is  the  wing  surface. 

A  tube  was  used  to  locate  the  jet  issuing  point  further  outboard,  as  shown  in  Figure 
7.  This  extension  increased  the  jet  effectiveness  by  creating  a  stronger  vortex.  This  also 
appeared  similar  to  an  effective  increase  in  the  jet  blowing  momentum  coefficient.  In  all  of 
these  experiments,  the  jet  was  positioned  one  diameter  above  the  wing  at  the  point  where 
the  flap  joined  the  center  portion  of  the  wing. 

The  general  configuration  of  the  wing  and  the  location  of  the  jet  were  determined 
based  on  the  water  tunnel  flow  visualization.  The  configuration  which  resulted  in  the 
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strongest  vortex,  confined  to  the  upper  surface,  was  selected  to  be  tested  in  the  wind 
tunnel.  There  were  however  additional  flexibilities  built  into  the  wind  tunnel  model  to 
allow  some  adjustments  in  the  relative  location  of  the  jet,  the  leading  edge  slat  and  the 
flap  with  respect  to  the  main  wing.  The  slat  could  be  adjusted  in  streamwise,  normal  to 
streamwise  and  along  a  pitch  axis  through  its  leading  edge. 

Figure  5  shows  the  basic  wind  tunnel  model  information.  Table  I  shows  the  relative 
dimensions  of  various  configurations  tested.  Since  the  model  was  not  a  contoured  F-15 
airfoil,  all  the  measured  results  axe  compared  with  a  reference  baseline  configuration,  which 
is  obtained  by  setting  the  slat  and  the  flap  at  zero  relative  angle  to  each  other. 

Lift  and  drag  coefficients  obtained  for  the  reference  baseline  configuration  axe  shown 
in  Figure  8.  Clearly,  this  is  not  typical  performance  values  for  a  clean  F-15  configuration. 
It  is  only  used  as  a  basis  for  judging  the  improvements  obtained.  It  is  hypothetised  that 
the  results  of  this  study  could  be  related  to  other  similar  wings  with  contoured  geometries. 
Most  of  the  configurations  tested,  resulted  only  in  moderate  improvements  as  shown  in 
Figure  9.  As  can  be  seen,  blowing  was  mostly  effective  at  higher  angles  especially  at  post 
stall  incidence  angles  even  for  the  baseline  configuration. 

Many  jet  locations  were  also  investigated  in  the  wind  tunnel  tests.  At  each  location  the 
jet  was  oriented  to  be  issued  along  the  local  sweep  angle  in  the  spanwise  direction.  When 
the  jet  effect  was  being  investigated,  a  series  of  runs  were  made  and  the  data  were  not 
analyzed  till  this  paper  was  being  prepared.  Only  then  it  was  discovered  that  the  measured 
values  for  one  configuration  showed  a  tremendous  increase  in  aerodynamic  forces.  Similar 
results  were  obtained  for  two  sequential  runs,  which  involved  a  tunnel  shut  down  for  jet 
adjustments.  Figure  10  shows  these  results,  as  can  be  seen  Cl  values  of  up  to  6  to  7.5 
are  measured  at  angles  of  near  50°  for  these  two  rims.  Had  the  authors  known  about 
these  results  before  disassembling  the  experiment,  we  would  have  repeated  those  runs  and 
verified  these  results.  But,  there  was  no  opportunity  to  do  so,  especially  since  the  six 
components  balance  was  returned  to  the  WPAFB.  It  is  with  reservation  that  we  include 
these  data  in  this  paper. 

However,  this  is  exactly  the  type  of  performance  improvements,  we  have  been  antici- 
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pating.  Such  results  could  be  obtained  by  proper  design  of  configurations  to  accommodate 
a  locked  vortex  on  the  wing.  In  addition,  using  flow  control  concepts,  such  a  vortex  can  be 
strengthened  by  periodic  excitations  to  maximize  the  locked  vortex  lift.  Such  excitations 
could  be  passively  present  in  the  flow,  the  wake  of  the  slat  could  be  feeding  energy  into 
the  locked  vortex  in  the  present  configurations.  The  physical  mechanism  to  provide  an 
excited  locked  vortex  is  apparently  in  place.  However,  further  detail  knowledge  is  required 
to  identify  the  key  variables  and  their  relationship. 

Plots  of  selected  rims  are  presented  in  Appendix  A  with  the  listing  of  the  complete 
data  given  in  Appendix  B. 
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V.  CONCLUSIONS 

This  investigation  is  a  feasibility  study  of  creating  a  forced  locked  vortex  on  the 
leeside  of  a  wing.  It  was  the  objective  of  this  study  to  design  a  configuration,  which  can 
accommodate  a  locked  vortex  and  to  further  enhance  that  vortex  by  the  aid  of  a  spanwise 
blowing  jet.  It  was  also  anticipated  that,  using  shear  flow  control  concepts,  the  locked 
vortex  could  be  strengthened  using  active  or  passive  excitations. 

Flow  visualization  results  were  used  to  reconfigured  a  wing  for  a  strong  locked  vortex 
on  the  wing  leeside.  Forces  and  moments  on  this  model  were  measured  in  the  wind  tunnel. 
The  performance  of  the  wing  was  improved  due  to  configurational  changes  in  comparison 
with  no  changes.  The  improved  aerodynamics  were  obtained  in  the  angle  of  attack  range 
up  to  55  degrees.  Typical  plots  of  data  are  presented  and  discussed. 

-  The  following  observations  axe  made: 

-  Visualizations  made  in  the  water  tunnel  were  used  to  develop  understanding  of  the 
flow  physics  and  selection  of  the  wind  tunnel  model. 

-  A  wing  with  the  planform  of  F-15  wing  was  reconfigured  to  help  accommodate  and 
stabilize  a  leeside  vortex  which  was  created  by  a  continuous  spanwise  blowing  jet. 

-  The  vortex  persisted  to  exist,  for  a  short  time,  even  after  the  blowing  was  turned-off. 
Therefore,  it  was  found  that  periodic  blowing,  at  the  proper  frequency,  was  as  effective 
as  continuous  blowing  at  effectively  reduced  CM. 

-  Force  measurements  in  the  wind  tunnel,  showed  moderate  performance  improvements 
due  to  the  configuration  changes. 

-  Blowing  was  most  effective  at  post  stall  incidence  angles  from  a  jet  port  just  upstream 
of  the  flap  hinge,  one  diameter  above  the  wing. 

-  Significant  performance  improvements  were  measured  for  one  configuration  during  two 
separate  tests.  Indicating  the  possible  accomplishment  of  the  excited  locked  vortex 
state.  However,  these  data  are  being  presented  as  preliminary  and  need  verification 
to  ensure  the  validity  of  these  results. 
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Table  I.  Range  of  Variables  Studied 


Run  # 

Lx 

L'z 

a 

S 

Lj 

8-13 

34.0 

0.49 

0.180 

-6  to  50 

-16  to  15 

0.00 

14-19 

34.0 

0.59 

0.170 

-6  to  50 

-15  to  15 

0.00 

20-25 

28.0 

0.45 

0.145 

-6  to  50 

-15  to  15 

0.00 

26-29 

28.0 

0.45 

0.145 

-6  to  50 

-30  to  0 

0.00 

42-44 

20.5 

0.55 

0.100 

40  to  50 

-30  to  30 

0.00 

45-50 

31.6 

0.53 

0.195 

40  to  50 

-30  to  30 

0.00 

52-56 

28.0 

0.46 

0.125 

0  to  55 

-30  to  30 

0.92 

64-67 

28.0 

0.46 

0.125 

0  to  55 

-30  to  30 

0.92 

68-73 

28.7 

0.46 

0.130 

0  to  55 

-15  to  15 

0.08 

74-78 

28.7 

0.46 

0.130 

0  to  55 

-15  to  15 

0.65 

Jet  diameter  =  0.125 
(all  dimensions  are  in  inches) 


Figure  1.  Global  Separation  over  a  inclined  plate  Re  —  10,000,  20°  inci¬ 
dence,  from  Werle,  1974,  (7). 
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a)  Schematic  of  flow  over  a  reconfigured  swept  wing  at  45°  in¬ 
cidence  indicating  fully  separated  flow. 


b)  Schematic  of  flow  over  a  reconfigured  swept  wing  with  inter¬ 
mittent  suction. 


Figure  2.  Flow  over  a  reconfigured  swept  wing,  (10). 
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t  wing  model  with  the  planform 


Figure  4.  Photograph  of  the  model  and  the  adjustments  mechanism. 


Figure  5.  Dimensions  and  variables  of  the  three  components  wing.  See 
Table  I  for  the  range  of  variables  tested. 
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3)  With  continuous  blowing,  viewed  from  the  wing  tip. 


\ 
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Figure  7.  Schematic  of  the  flow  shown  in  photographs  of  Figure  6. 
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Figure  8. 


Lift  and  drag  measurements  for  the  baseline  model  for  selected 
flap  positions. 
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Figure  8.  cont. 
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Figure  8.  cont. 
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Figure  8.  cont. 
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Figure  9.  cont. 
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Figure  9.  cont. 
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Figure  10.  Lift  and  drag  measurements  for  the  reconfigured  wing  with  sig¬ 
nificant  improvements.  Configuration  details  are  given  in  Table 
I. 
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Figure  10.  cont. 
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Figure  10.  cont. 
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Figure  10.  cont. 
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Appendix  A 
Plots  of  Selected  Data 
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Comments  on  the  tabulated  data: 


1  -  *’s  in  CLCD  (=  CL /CD)  column  indicate  large  values  resulting  from  division  by 

very  small  Cq  values. 

2  -  Data  gathered  in  some  of  the  runs  is  apparently  inconsistent.  Further  testing  is 

required  to  clarify  the  patterns  seen  in  the  following  runs: 
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